The germination of multiple individual Bacillus subtilis spores by a high pressure (HP) of 140-150 (unless noted otherwise) megaPascals (MPa) that activates spore germinant receptors (GRs) was monitored by phase contrast microscopy in a diamond anvil cell. Major conclusions were that: i) >95% of spores germinated in 40 min; ii) individual spore's HP germination kinetics were very similar to those for nutrient germination with a variable lag time (Tlag) prior to rapid release of spores' dipicolinic acid in deltaTrelease; iii) germination at 50 MPa had longer average Tlag times than at 150 MPa, but deltaTrelease times at the two HPs were identical, and HPs ? 10 MPa did The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, 
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pores of various Bacillus species are metabolically dormant, can survive for many years in this state (1) (2) (3) , and are extremely resistant to heat, desiccation, radiation, and many toxic chemicals (4) . Spores can also rapidly return to life by germination, which can be triggered by a variety of agents, including specific nutrients, cationic surfactants such as dodecylamine, an exogenous 1:1 chelate of Ca 2ϩ and dipicolinic acid (CaDPA), and hydrostatic high pressure (HP) (1, 5) . Nutrients trigger germination by binding to germinant receptors (GRs) located in the inner spore membrane (1, 2) . Stimulation of these GRs triggers the release of the spore core's large (ϳ10% of spore dry weight) depot of CaDPA and its replacement by water in stage I of germination, and this triggers activation of the cortex-lytic enzymes (CLEs) CwlJ and SleB, either of which can initiate hydrolysis of the spore's peptidoglycan cortex, leading to completion of spore germination. Concomitantly with cortex hydrolysis, the spore core becomes fully hydrated, and this allows resumption of enzyme activity and initiation of metabolism, macromolecular synthesis in the core, and, thus, spore outgrowth (1, 5) . Spores' resistance properties are lost when spores germinate fully and begin outgrowth.
The germination of individual spores of a population under a constant concentration of a nutrient germinant exhibits significant heterogeneity (6) (7) (8) (9) , mainly due to variability in the lag time (T lag ) between addition of nutrient germinants and the start of rapid CaDPA release. In contrast, times for the actual release of Ն90% of a spore's CaDPA once its rapid release begins (⌬T release s) are relatively constant for spores of any particular strain/species (8) (9) (10) . Although all reasons for the heterogeneity in spores' nutrient germination are not fully understood, an important factor in this heterogeneity is variation in the number of GRs between individual spores (11) . Thus, spores that have higher GR numbers germinate faster than spores with lower GR numbers, and spores with extremely low GR numbers germinate extremely slowly and are termed superdormant (12, 13) .
After spores are exposed to nutrient germinants, one of the first events that can be measured is termed commitment, in which even if nutrient germinants are removed or their further binding to GRs is blocked, spores that are committed to germinate continue through nutrient germination and release CaDPA 3 to 10 min after commitment (14, 15) . However, those spores that are not committed to germinate carry out no germination events (14) (15) (16) . Just as with overall rates of germination that are higher in spores with higher GR levels, rates of commitment to germinate are also higher in such spores.
As noted above, in addition to nutrients, spores can be germinated by HPs of 100 to 800 MPa (17) (18) (19) (20) (21) . At HPs of 100 to 300 MPa, germination is caused by GR activation (1, 20) . However, at HPs of 500 to 800 MPa, germination is caused by the release of the spore's CaDPA depot, and these HPs may act on specific CaDPA channels in spores' inner membrane (18, 19, 21) . While the mechanisms of HP germination of spores are of significant basic interest, these processes also have significant applied interest, since (i) spores are major agents of food spoilage and food poisoning and (ii) spores' extreme resistance properties are lost when they germinate and begin outgrowth. Indeed, HP treatment is used commercially in the pasteurization processing of a number of different foodstuffs, although elevated initial temperatures (80 to 90°C) are needed in conjunction with HP to inactivate bacterial spores and achieve the commercial sterility of low-acid foods (22) . While HP is probably most often used as a single treatment, a number of studies have demonstrated significant reductions in spore survival by use of cyclic processes alternating between low and high pressures at moderate temperatures compared to those achieved with a single constant HP exposure (23, 24) . HP induction of spore germination, in particular, at 100 to 300 MPa, is generally thought to be via activation of one or more germination proteins, in particular, GRs, as noted above (19, 25) , and HPs can induce conformational changes in proteins that can lead to their activation (26) . However, the mechanism of GR activation by HP is not known, and there is very limited information on the heterogeneity between individual spores in which germination is activated at HPs of 100 to 300 MPa. These unknowns are of applied interest, given the potential utility of HP as an alternative food processing technology to facilitate spore inactivation (18, 20) .
We report here the results of experiments designed to observe and analyze the dynamic germination of individual spores of Bacillus subtilis and Bacillus cereus with HPs of 1 to 150 MPa in a diamond anvil cell (DAC) using phase-contrast microscopy to measure spores' refractive index and Raman spectroscopy to measure spores' CaDPA content. Most often, either constant HP or a short HP pulse was applied to the spores inside the DAC while time-lapse phase-contrast images of multiple individual spores were continuously recorded and analyzed (8, 9, 27) . We were particularly interested in testing if the application of a single HP pulse is sufficient to potentiate germination, in particular, when the pulse width of the HP is shorter than the T lag value under the same constant HP, as with this treatment, the GRs of all spores that ultimately germinate should be activated simultaneously. The results of these experiments have generated new and unexpected findings about HP germination via GR activation and have given new mechanistic insight into this process that may have significant applied implications.
MATERIALS AND METHODS
Bacillus strains used and spore preparation. The B. subtilis strains used in this work were (i) PS533 (wild type), a prototrophic strain derived from strain 168 (28) , and (ii) FB111 (cwlJ), the spores of which lack the CLE CwlJ (29) . B. cereus T (originally obtained from H. O. Halvorson) was also used in some experiments.
B. subtilis spores were prepared on 2ϫ SG medium (a glucose nutrient broth-based, moderately rich medium) agar plates at 37°C without antibiotics; B. cereus spores were prepared at 30°C in defined liquid medium (30, 31) . Liquid cultures were harvested after 36 to 48 h of incubation. After incubation for 2 to 3 days, plates with B. subtilis strains were incubated for ϳ3 days at 23°C to allow completion of lysis of sporulating cells, and spores were then scraped from the plates and suspended in 4°C water. Harvested spores were purified by repeated centrifugation and washing with water, as well as several sonication treatments for the B. subtilis spores but not the B. cereus spores so as not to damage these spores' exosporium. Purified spores were stored at 4°C in water protected from light and were free (98%) of growing and sporulating cells, germinated spores, and cell debris, as observed by phase-contrast microscopy.
Spore germination with a nutrient germinant. B. subtilis PS533 spores were heat activated prior to nutrient germination by incubation of spores in water at 70°C for 30 min and then cooling of the spores on ice for at least 15 min prior to germination experiments. The heat-activated spores were germinated at 37°C in 25 mM HEPES (pH 7.4) with 10 mM L-alanine (8, 9) . Briefly, 1 l of heat-activated spores (10 8 spores ml Ϫ1 in water) was spread on the surface of a glass coverslip glued to a clean and sterile sample container. The spores on the container were quickly dried in a vacuum chamber at room temperature so that they adhered to the coverslip. The spore container was then mounted on a microscope heat stage kept at 37°C. Preheated germinant/buffer solution was then added to the container to start the germination, and a digital charge-coupled-device (CCD) camera was used to record the differential interference contrast images at intervals of 15 s for 60 to 120 min (8, 9) .
Spore germination with a constant or pulsed HP in a DAC. B. subtilis and B. cereus spores were germinated in a DAC (VivoDAC; easyLab Inc., Cambridge, MA) with various HPs in 25 mM HEPES buffer (pH 7.4) at 37°C. In some experiments, B. subtilis spores were germinated in a DAC as described above with short HP pulses of 140 or 150 MPa and then incubated further at 37°C with constant pressures of 1 or 0.1 MPa. The HP in the DAC was generated by a digital gas membrane controller that can change the pressure in the gas membrane. It took 2 to 3 s for the gas pressure to reach the target value when the controller changed the gas membrane pressure. The DAC pressure was calibrated using standard ruby fluorescence and pressure-sensitive fluorescent polystyrene microspheres (FluoSpheres F-2111; Invitrogen Life Technologies, Grand Island, NY) (32) . The accuracy for the pressure calibration was ϳ10 MPa. Independent pressure cycles were repeated for the acquisition of data for pressure-induced spore germination.
Monitoring spore germination with HP. The HP germination of multiple individual spores in a DAC was analyzed by phase-contrast microscopy with a long-working-distance objective. Briefly, dormant or heat-activated spores (1 l; ϳ10 8 spores/ml in water) were spread on the surface of the top diamond anvil plate and then air dried for 5 to 10 min. The diamond anvil plate was then assembled in the DAC with 25 mM HEPES buffer (pH 7.4) in the gap of the gasket and mounted on a microscope sample holder kept at 37°C. The phase-contrast microscope was modified such that a long-working-distance objective (50ϫ; numerical aperture, 0.55; working distance, 10 mm; Nikon) was used to image the individual spores on the DAC plate. The pressure of the DAC chamber was controlled by a digital gas membrane controller, and the pressure could be increased from ambient pressure to 140 MPa within 3 to 5 s. After increasing the pressure to a preset value, a digital CCD camera (16 bit, 1,600 by 1,200 pixels) was used to record phase-contrast images at a rate of 15 s per frame for 60 to 120 min. These images were analyzed with a computation program in Matlab software to locate each spore's position and to calculate the average pixel intensity of an area of 20 by 20 pixels that covered the whole individual spore on the phase-contrast image (8, 9) . The phase-contrast image intensity of each individual spore was plotted as a function of the incubation time (with a resolution of 15 s); the initial intensity (the first phase image recorded after the preset pressure was reached) was normalized to 1, and the intensity at the end of the measurements was normalized to zero. Invariably, the last value was constant for Ն10 min at the end of the measurements.
From the time-lapse phase-contrast image intensity, the time of completion of the rapid fall of ϳ75% in spore phase-contrast image intensity could be determined; this time is concomitant with the time of completion of spore CaDPA release (defined as T release ) (27, 33) . CaDPA release kinetics during germination of individual spores were further described by the parameters T lag and ⌬T release , where T lag is the time between the application of HP (or the mixing of spores with germinants) and the initiation of most CaDPA release, and ⌬T release is equal to (T release Ϫ T lag ) (27, 33) . The parameter I lag is also used to describe the germination of individual spores and is defined as the intensity of a spore's phase-contrast image at T lag . I release is defined as the phase-contrast image intensity at T release ; T lys is the time when spore cortex hydrolysis is completed, as determined by the completion of the fall in the spore's phase-contrast image intensity; and ⌬T lys is equal to (T lys Ϫ T release ) (27, 33) .
Raman spectroscopy of individual spores treated with HP in a DAC or HP unit. B. subtilis spores were treated in a DAC or in a PT-1 pressure test unit (Avure Technologies, Kent, WA) at ϳ150 MPa for various times, as described above, and then the pressure was dropped to atmospheric pressure (ϳ0.1 MPa). The treated spores were removed and resuspended in distilled water for Raman spectroscopic analysis of individual spores by laser tweezers Raman spectroscopy (LTRS) at 25°C with a laser power of 20 mW at 780 nm and an integration time of 20 s, as described previously (34) .
RESULTS
Germination of B. subtilis and B. cereus spores in a DAC with constant HP. As noted above, while there have been many studies of the HP germination of populations of spores of Bacillus species, there have been very few studies in which the HP germination of individual spores has been examined. Consequently, we used phase-contrast microscopy to monitor the germination of multiple individual B. subtilis and B. cereus spores in a DAC with various constant HPs. As was found in much previous work (27, 33) , spores' phase-contrast image intensity changed dramatically early in germination, as the excretion of CaDPA and then spore cortex lysis and core water uptake and swelling resulted in a large decrease in the spores' refractive index. This was also seen in phasecontrast images of B. subtilis and B. cereus spores exposed to an HP of 140 MPa ( Fig. 1A and B ; data not shown). The latter decrease in the phase-contrast image intensity allowed the simultaneous monitoring of the kinetics of the germination of large numbers of , and spore germination was analyzed, all as described in Materials and Methods. The phase-contrast image intensity values at 60 min were subtracted from the intensities of images at various times, and the resulting intensity values at time zero were normalized to 1. a.u., arbitrary units.
Dynamics of High-Pressure Spore Germination individual spores (Fig. 1A to C) . The B. cereus spores germinated extremely rapidly at 140 MPa, with ϳ97% of the spores completing germination in ϳ1 min (Fig. 1C) . The germination of wildtype B. subtilis spores at 140 MPa was much slower, as ϳ95% germination required ϳ40 min of HP treatment, and HPs below 140 MPa gave even slower germination, with no germination at 10 or 1 MPa (ϳ100 or 10 atm) ( Fig. 1C; see below) . In contrast to the nutrient germination of spores that was increased markedly by prior heat activation, prior heat activation of B. subtilis spores had no effect on these spores' germination with an HP of 140 MPa (Fig. 1C) , as reported previously (20, 25) .
Analysis of time-lapse phase-contrast image intensities of individual spores in a DAC at constant HP indicated that the changes in the image intensities were similar to those seen with nutrient germination (Fig. 2) . After the HP was applied, the phasecontrast image intensity of an individual spore slowly decreased until T lag and then rapidly dropped between T lag and T release , indicating a rapid fall in the refractive index of the spore due to the release of the spore's CaDPA (27) . Following T release , the spore's phase-contrast image intensity continued to decrease more slowly until T lys , corresponding to the completion of cortex lysis ( Fig. 2A  and B) , and the final phase-contrast image intensities of nutrient- germinated and HP-germinated B. subtilis spores were essentially identical (data not shown). Previous work has found that germination of individual B. subtilis spores with nutrients at ambient pressure is very heterogeneous, with almost all of the variability between individual spores' germination being during the T lag period (6, 9, 27) . This was also true for the HP germination of wild-type B. subtilis spores, although it was less so for the B. cereus spores, perhaps because these spores germinated so very, very rapidly ( Fig. 2A and B ; Table 1 ). For the B. subtilis spores, the variability in their HP germination was primarily in the T lag value, with less variability being detected in the ⌬T release and ⌬T lys values (Table 1) . Notably, the variability in these kinetic values for B. subtilis spore germination was very similar for HP germination at 140 MPa and nutrient germination with a saturating L-alanine concentration (Table 1) . Average values for I lag and I release were also essentially identical for both HPgerminated and nutrient-germinated B. subtilis spores ( Table 1) . The kinetic values for the germination of B. subtilis spores with 140 MPa of HP were also essentially identical to those for unactivated spores (Table 1) , consistent with the minimal effects, if any, of heat activation on HP germination seen previously with spore populations (Fig. 1C) (19, 20) . However, a decrease in HP from 140 MPa to 50 MPa increased the average T lag value significantly, consistent with fewer spores germinating in 60 min at 50 MPa, but had no effect on the average ⌬T release value ( Fig. 2C; Table 1 ). With nutrient germination, B. subtilis spores lacking the CLE CwlJ (strain FB111) are known to exhibit average T lag values similar to those of wild-type spores with nutrient germination (35, 36) , and this was also seen with germination at an HP of 140 MPa ( Fig. 2D; Table 1 ). However, the cwlJ spores had an ϳ10-fold higher ⌬T release value with HP germination than wild-type spores (Table 1) , as also previously seen with nutrient germination of cwlJ spores (35, 36) .
Germination of B. subtilis spores by an HP pulse followed by incubation at 1 MPa. Previous work has demonstrated that the application of oscillating low and high pressures results in higher spore killing than exposure to a constant HP (23, 24) . Consequently, we tested if the application of a single short HP pulse is sufficient to potentiate spore germination. Wild-type B. subtilis spores were exposed to 140 MPa for periods between 0.5 and 10 min, and then the pressure was reduced to 1 MPa and incubation at 37°C was continued. Surprisingly, even the 30-s HP pulse resulted in almost the same kinetics of germination as the constant HP (Fig. 3A) . The germination of the individual spores given HP pulses of from 0.5 to 30 min also showed heterogeneity very similar to that of spores given a constant HP treatment, and the average kinetic parameters of the HP-pulsed spores were also almost identical to those of spores given constant HP (compare Fig. 2A and Fig. 3B to D; Table 2 ). These results indicate that the exposure to an HP of 140 MPa for as little as 30 s was sufficient to potentiate the germination of B. subtilis spores upon subsequent incubation at 37°C, with this potentiation perhaps being via activation of GRs in some fashion (see Discussion). Germination of B. subtilis spores with HP pulses and subsequent incubation at ambient pressure (0.1 MPa). The experiments described above indicated that spores given short HP pulses of 140 MPa had become activated to germinate if they were held at 37°C and subjected to a pressure of 1 MPa. Given that the available evidence suggests that this is not the case when HP-treated spores are shifted to ambient pressure (ϳ0.1 MPa) (19) (20) (21) , it was of interest to examine the germination of individual HP-pulsed spores incubated at ϳ0.1 MPa. Consequently, we repeated the pulsed HP germination experiments with B. subtilis spores but followed the HP pulses by incubation at the ambient atmospheric pressure of ϳ0.1 MPa. Strikingly, under these conditions, reduction of the HP pulse time markedly decreased the spore germination, as spores pulsed for 5 min, 2 min, 1 min, or 10 s exhibited only 90, 75, 30, or 8% germination, respectively, in the 50 to 55 min following the HP pulses. In addition, the germination of these pulsed spores had clearly leveled off at these values by 55 min, with this leveling off actually taking only 5 to 10 min following the termination of the HP pulse ( Fig. 4A; Table 3 ). This result was consistent with post-HP-treatment measurements on spore populations treated with a pressure of 150 MPa for various periods in a large-scale HP unit and then exposed to ambient pressure prior to Raman spectroscopic analysis to determine the fraction of all spores that had lost their CaDPA (Fig. 4B) (27, 34) . These data suggest that the decrease to 0.1 MPa after the 150-MPa pulse was sufficient to deactivate spores for germination in some fashion, even though their GRs were activated in the initial HP pulse. However, some spores that had been activated in the HP pulse clearly did complete germination both before and even after their return to atmospheric pressure.
Time-lapse phase-contrast image intensities of individual wild-type B. subtilis spores given short 150-MPa HP pulses and then incubated at 0.1 MPa also showed some heterogeneity in T lag and T release values ( Fig. 5; Table 3 ). In addition, with shorter HP pulse times, not only did fewer spores germinate, but also average T lag values fell significantly as the HP pulse time was decreased, as did average ⌬T release values. These results suggest that those spores whose germination was activated by shorter HP pulses are those that germinated the fastest at an HP of 150 MPa, which is possibly not surprising. However, there were no significant changes in average ⌬T lys , I lag , or I release values as HP pulse times were decreased. Notably, most (albeit not all) spores that released their CaDPA with short HP pulses and then incubation at 0.1 MPa did so after the HP pulse.
Raman spectra of individual HP-treated B. subtilis spores. While the overall aspects of the ϳ150-MPa germination of B. subtilis spores strongly resembled those of nutrient germination, it was possible that there were some differences, as is the case when nutrient germination and germination by ϳ550 MPa of HP are compared (19) . To further examine nutrient-germinated and 150-MPa-germinated spores for any possible differences, wildtype B. subtilis spores were either treated at an HP of 150 MPa in the DAC or germinated by L-alanine at ambient pressure. The treated spores, either dormant or germinated, were then analyzed by Raman spectroscopy at 25°C (Fig. 6A) . In Fig. 6 and 7 , the Raman bands at 662, 825, 1,017, 1,395, 1,450, and 1,575 cm Ϫ1 are assigned to CaDPA, the 1,004-cm Ϫ1 band is due to phenylalanine, the 1,655-cm Ϫ1 band is due to the amide I vibration of proteins, and the 1,250-cm Ϫ1 band is due to the amide III vibration of proteins (34) . These results showed clearly that there were minimal differences, if any, in the Raman spectra of spores germinated by nutrients or an HP of 150 MPa. We also measured the Raman spectra of dormant and germinated spores exposed to 150 MPa in an HP unit for various times (Fig. 7A and B) . Again, there were no changes in the Raman spectra for either the germinated (Fig. 7A) or the ungerminated spores (Fig. 7B) with increasing HP treatment times. In addition, the spectra of these spores germinated by HP were nearly identical to the spectra of spores germinated by L-alanine (Fig. 6B, curve b) .
DISCUSSION
The analysis of the HP germination of multiple individual spores of Bacillus species in a DAC has led to a better understanding of a number of aspects of HP germination. First, at a constant pressure of ϳ150 MPa, individual spores show significant heterogeneity in their T lag values between the application of HP and the initiation of the rapid fall in the spores' refractility.
In addition, this heterogeneity appears to be very similar to that observed with nutrient germination of the same spores, with the major factor contributing to the variability in germination among spores being highly variable T lag values. Previous work has shown that the major variables influencing spores' T lag values in nutrient germination are nutrient germinant concentration, heat activation, and GR numbers per spore (9) . In germination by an HP of 140 to 150 MPa, the nutrient germinant concentration and heat activation clearly had no effects on T lag values. Thus, variation in GR numbers per spore likely appears to be the major variable affecting T lag values in the 150-MPa germination of individual B. subtilis spores. Indeed, elevation of spores' GR levels does result in spore populations that germinate faster with 150 MPa of pressure (20) , and thus, the individuals in the spore populations with elevated GR levels must have shorter T lag values in their HP germination.
While the conclusion given above is new, it was not really unexpected. However, other results in this work were surprising. In particular, the finding that B. subtilis spores exposed to short HP pulses at 150 MPa and then incubated further at 1 MPa exhibited germination kinetics and kinetic parameters essentially identical to those of spores continuously exposed to the same HP was unexpected. What this finding suggests is that 150-MPa pulses of at least 30 s are sufficient to convert spores into a state in which they are committed to germinate even if the stimulating HP is terminated and the pressure to which the committed spores were exposed was reduced to 1 MPa, a pressure that alone is insufficient to trigger spore germination. In many ways, this phenomenon is similar to the commitment seen in nutrient germination, where spores go through a germination event such as CaDPA release some minutes after the nutrient germinant has been displaced or even removed from its cognate GR (14) (15) (16) . However, the behavior of these committed spores in HP germination had some significant differences from that of committed spores in nutrient germination. First, it appears that the times between commitment and eventual germination of HP-committed B. subtilis spores are much more variable for HP germination than for nutrient germination, since for germination of B. subtilis spores with L-alanine concentrations that saturate the GerA GR (the major spore GR), the times between commitment and CaDPA release vary between 4 and 6 min for 25 to 75% commitment for B. subtilis spores (14) . In contrast, these times determined for HP germination in this work were both much longer and more variable for spores held at 1 MPa after an HP pulse. Second and perhaps even more surprising was that a large percentage of the spores that appeared to be committed to germinate after a short HP pulse at 150 MPa did not germinate upon further incubation at 0.1 MPa. Indeed, for spores given a 10-s 140-to 150-MPa pulse, ϳ95% of these spores germinated upon subsequent exposure to 1 MPa, while only ϳ8% of these spores subsequently exposed to 0.1 MPa germinated. Furthermore, the germination of the spores given 150-MPa HP pulses clearly leveled off 4 to 6 min after the pressure was reduced from 150 to 0.1 MPa (Fig. 4A) . The latter range of times is actually very similar to the average times between commitment and CaDPA release seen in nutrient germination of wild-type B. subtilis spores (14) . However, many of the HP-treated spores that were committed to germinate when held at 1 MPa no longer germinated when held at 0.1 MPa, as if these spores had somehow been deactivated at 0.1 MPa. This deactivation phenomenon has, to our knowledge, never been seen for spores committed to nutrient germination.
All available evidence indicates that HPs of ϳ150 MPa trigger spore germination by GR activation (19, 20) . Thus, it seems likely that the commitment upon short HP treatments seen in this work takes place by converting GRs into an active or activated state, similar to what takes place upon commitment in nutrient germination, although we really do not know what this commitment means in molecular terms. These activated GRs, then, have two possible fates: (i) if they are held at 1 MPa, the activated GRs can ultimately cause spore germination, perhaps because the pressure of 1 MPa has an impact on signal transmission from activated GRs to the CaDPA channel proteins, although there is clearly a long and extremely variable lag period between the HP commitment and CaDPA release; or (ii) if they are held at 0.1 MPa, the activated GRs can lead to spore germination within 8 to 10 min of the release of the HP, but after this period the activated GRs appear to deactivate. Exactly what is going on here mechanistically is certainly not clear, but a number of obvious questions are raised by these results. These questions include the following: (i) do different GRs exhibit different HP commitment and decay? (ii) Do elevated spore GR levels nullify any possible decay of activated GRs? (iii) Can conditions be found to prolong the lifetime of GRs' HPactivated state, even at 0.1 MPa? (iv) Will treatments such as a decrease in pH allow germination of HP-committed spores, as it does for nutrient-committed spores (14) ? (v) Can these HP-committed spores be isolated under conditions that do not allow their germination, thus allowing characterization of the defining properties of committed spores? It seems likely that the answers to these questions will tell us much about the process of spore germination not only by HP but also by nutrients.
In addition to potentially leading to new basic knowledge about ϳ150-MPa HP germination and, possibly, nutrient germination as well, the new findings made in this work may also have significant implications for applied uses of HP processing. Thus, perhaps the time needed for application of very HP could be reduced to only a few minutes, after which the HP could be lowered substantially. However, an important consideration here is whether this apparent commitment phenomenon is also seen for spore germination at HPs of 500 to 800 MPa, as it is these HPs coupled with moderately high temperatures that would be required in HP applications to achieve the commercial sterility of low-acid foods.
